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field of view while operating, instead of having to look up from the surgical field to get the
information on monitors.

What’s more, the ability to train surgeons with less need for cadavers, animal models or on-site
facilities may open up new opportunities for surgical specialty training in historically
marginalized communities that suffer from shortages of specialists. AR/VR may also become an
effective for ongoing surgical skills testing and refinement.

Concerns and Risks

There are risks associated with the use of AR/VR that have already been identified. Because
the technology has not been in widespread use until relatively recently, the nature of these risks
is not fully understood, and it is likely that other, not-as-yet-identified risks will emerge. The risks
may be magnified in clinical applications, both because the risks are even less-well established
and understood in clinical contexts, and because of the sensitivity of clinical applications along
with the potential vulnerability of patients who might engage with those applications.

Below are some of the AR/VR-related concerns and risks that have been identified so far. It is
important to note that little is known at this point about how these issues may present with
different applications and impact different patient groups. What’s more, there is more to learn
about how setting limits on the frequency and duration of AR/VR sessions in a clinical
application might be able to mitigate some of these concerns and risks, as well as whether
those limits might reduce effectiveness.

Cybersickness. The most commonly reported negative side effect of AR/VR is motion
sickness, often accompanied by dizziness, and in some cases by headaches and fatigue. In the
context of AR/VR, these symptoms are sometimes lumped together under the term
“cybersickness.” (AR tends to cause fewer problems along these lines than does VR.)
Cybersickness can involve mild to intense nausea, up to the point of being temporarily
incapacitating. Women (especially pregnant women), children, and older people are on average
more susceptible to cybersickness.?* 3° Cybersickness is believed to be caused by a mismatch
between the motion perceived visually in AR/VR, and the motion (or lack of motion) perceived
by the inner ear. The problem tends to be worse in AR/VR applications that simulate more
frequent, expansive and vigorous motion, and the problem tends to worsen with the length of
the AR/VR session.

Collisions and falls. AR/VR users, and especially VR users, are frequently unable to see, or
are distracted from noticing, some or all of their physical surroundings. When immersed in a
fully or partly simulated AR/VR scene, users can collide with or strike real-life objects, furniture,
walls, windows, or nearby people, or they may lose their balance and fall. As AR/VR has
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become more popular in recent years, reports of such incidents and injuries and damages have
increased dramatically.3®

Other discomfort and injury. AR/VR headsets tend to be heavy, with some popular models
weighing close to two pounds. Wearing them can cause neck fatigue, and discomfort or even
pain at or around the headset contact points. Aside from the physical discomfort of the headset
itself, users can experience headaches and eye strain, as well as fatigue, discomfort and even
pain in any of the many muscles or joints that may be repeatedly engaged during use. If use
leads to extended periods of sitting or standing then users might be susceptible to leg or back or
other postural and musculoskeletal fatigue, discomfort, or pain. Applications that require
frequent looking around within simulated scenes could also lead to neck pain. AR/VR headsets
typically are used with handheld controllers, and frequent pressing of the buttons and switches
on these controllers could lead to problems with the hands and wrists, including repetitive
motion syndrome.

There may also be more subtle, as-of-yet unidentified risks associated with the mismatch in
AR/VR between a patient’s physical sense of self, including their awareness of the position and
location of their body, and what a patient experiences in AR/VR. For example, it may be difficult
to predict where a patient’s eyes will track while using AR/VR, and thus to predict what the
patient will see, feel, and otherwise experience in an AR/VR application, and how that
experience might interact with their physical awareness. It is important to understand how
different patients react to these sorts of experiences and mismatches, and what impact these
reactions have on clinical usage and outcomes.

Habitual usage. As with most devices that deliver content over screens, some users can find
AR/VR extremely engaging; even therapeutic applications are often designed in the form of
games and other appealing content. As with mobile-phone addiction and excessive television
watching, AR/VR usage can be problematically habit forming. Such habitual and even addictive
usage might raise the risks of and exacerbate the various other problems associated with
usage, and could lead to neglecting other important activities, including physical exercise, social
engagement, and routine daily tasks.

Seizures. Individuals at risk of photosensitive epilepsy may be susceptible to seizures triggered
by AR/VR usage involving low-frequency flickering of images or brightness, whether the
flickering is intentional within the content, or incidental due to poor system performance.®” The
risks of seizures may be higher with AR/VR devices than with other types of screen-based
content delivery, because AR/VR engages the user’s entire field of view rather than just a
fraction of it, and thus stimulates a larger portion of the brain.®® It should be noted that thus far
studies in children haven't found an increased risk of seizure,? but such risk remains plausible.
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Privacy violation. In addition to sharing all the data-privacy risks and challenges associated
with computers and other electronic devices in medical applications, AR/VR presents unique
concerns. Among these concerns are the fact that AR/VR devices typically use cameras and
other sensors to track the user’s bodily motions, surroundings, and in some cases facial
expressions. What's more, the system correlates all this data with what the user is doing in
virtual reality, potentially providing an unusually detailed picture of the user’s behavior.*% 4! Any
compromise could result in an impactful privacy breach.

Analyzing benefits and risks for AR/VR devices may be complicated by the relatively large
number of risks that must be considered, by the potentially large impact of some of these risks
(such as for pediatric neurodevelopment and for surgical precision), by the fact that most
benefits and risks have not yet been clearly established in large, longitudinal or randomized
studies, and by the fact that AR/VR devices are likely to be used (as discussed below) by
different types of especially vulnerable populations in ways that may call for separate study.

Populations with Special Concerns

Pediatric populations. Given the greater brain plasticity and continuing brain development in
children, the effects of AR/VR on the developing brain deserves special attention. Such effects
are currently unknown. In particular, concerns about how AR/VR might impact the risks and
extent of neurodevelopmental delays and disorders are warranted, especially in light of existing
concerns about the possible relationship between usage of screen-based devices among
children and neurodevelopmental delays,*>** and rising rates of pediatric neurological and
mental health disorders, including autism, ADHD, anxiety, bipolar disorder, and psychosis.** 4
The impact of AR/VR usage on pediatric visual development and associated visual acuity, may
also be an issue.

More generally, the rapid cognitive, emotional, and physical development taking place in
children, and how any or all of this development might be impacted by AR/VR usage, merits
careful examination. Among the specific risks that can already be identified in pediatric
populations: A higher risk of cybersickness; a limited ability to identify and articulate adverse
events, and to react to them by reporting the events and limiting or discontinuing AR/VR usage;
and a lack of appropriate fit and weight of AR/VR headsets in relation to young children’s
typically smaller heads and weaker necks compared to adolescents and adults. Children
typically have smaller “interpupillary distances”—that is, the distance between the pupils of the
two eyes—which is important for the fitting of glasses and other externally used, vision-based
devices. The neuroplasticity of the pediatric brain magnifies any concerns associated with
vision-related and other side effects due to poorly fitting headsets. There is also evidence that
AR/VR might negatively affect a child’s coordination by changing the way the brain weights
different sensory inputs, such as vision and vestibular balance.*®

Page 9 of 24
U.S. Food & Drug Administration
10903 New Hampshire Avenue
Silver Spring, MD 20993
w ww.fda.gov


https://ww.fda.gov
https://balance.46
https://psychosis.44
https://behavior.40

_/@ ) U.S. FOOD & DRUG

ADMINISTRATION

The impact of AR/VR use on the risk of seizures in certain pediatric populations may need
further assessment. In addition, adolescents may be at increased risk of excessive or even
addictive use of AR/VR. Children also tend to have more difficulty than do adults differentiating
between reality and illusion, which could intensify the impact of any confusion, fear or other
challenging emotion and cognition experienced in AR/VR. There may be other risks of AR/VR
usage by children that have not been identified yet.

Cognitive impairment and mental health disorders. Cognitively impaired users may require a
mode of AR/VR usage that minimizes demands on cognition, memory, and language skills.*’
These users may require additional training, assistance from a caregiver, or additional
instructional prompts within the device itself. Some users with certain mental health conditions
may also require special accommodations. For example, individuals who experience
dissociative states, hallucinations, or other difficulties with perceiving reality may be frightened,
confused or agitated by virtual content.

Surgeons. Some surgeons have become early users of AR as a tool to assist with surgical
planning and procedures. Surgery can be extremely demanding in terms of precision, focus,
awareness, and stamina, while often carrying high risks to patients associated with even small
errors on the part of a surgeon. As a result, problems caused by AR use that might be
considered of little concern in the general population could become serious in the context of
surgery.*®

Even minor cases of side effects often associated with AR usage, including fatigue, nausea,
discomfort, disorientation, misjudgment of distance, cognitive overload, distraction, the visual
blocking or obscuring of nearby physical objects, and confusion between real and virtual
images, could become dangerous if experienced even momentarily by a surgeon during a
surgical procedure. Such AR-related impairments could also raise the risk of poor outcomes if
experienced during AR-based surgical preplanning. Even relatively benign-seeming usage such
as wearing AR glasses to superimpose data from monitors over the surgeon’s field of view
could lead to obscured views, or reduced performance due to the departure from highly familiar
surgical routines.*%->2

In addition, tactile- and sensory-feedback risks may arise in surgical robotics, such as
miscalibration between virtual anatomical structures and the robotic placement of ports, screws,
needles, and other operative devices. Also, there may be a risk that an AR/VR device isn’t able
to provide the high resolution and contrast needed to identify subtle differences in tissue types
and extremely fine anatomical structures in high-precision surgical use cases.

Socioeconomically vulnerable populations. Socioeconomically vulnerable and other
underserved communities and populations may lack equitable access to VR- and AR-based
care. Clinical facilities local to these communities may not have the resources to acquire and
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adopt the technology, and to provide clinician and user training; individuals may lack adequate
health care insurance that covers the cost to patients of these technologies (especially in view
of the fact that many payers have not yet fully embraced digital health technologies, though
there are some exceptions®); individuals may not have the resources to buy consumer AR/VR
headsets that might be needed to run medical-care applications, and may lack the high-speed
internet and the open floor-space required to operate AR/VR devices safely and effectively.

In other cases, individuals in underserved populations may be pushed into AR/VR versions of
health care by providers or payers because of the potentially lower cost of such care, even if the
risks and benefits of such care isn'’t fully established, and the individuals could be better served
by conventional, in-person forms of care. In addition, individuals may not have the means to
easily recognize and report problems with AR/VR-based care for various reasons, including
language barriers. Such concerns may be amplified by the fact that vulnerable populations often
present more widespread and complex health problems than others. As a result, the availability
of AR/VR in diagnosis and treatment may amplify existing inequities in health care.

Ongoing Studies

VR and AR are relatively new and rapidly evolving technologies, and as such their risks
and benefits are continuing to be studied. Nearly every study that has been conducted
on these technologies points out that more research is required to answer key
questions, including on effectiveness and safety. There are few, if any, studies that have
looked at the long-term effects of AR/VR usage, the effects have not been studied on
large numbers of diverse participants, and questions about “dosing”—that is, how the
risks and benefits of using an AR/VR application change with the frequency and
duration of use—have remained mostly unexplored. What’s more, hardware, software,
and applications vary widely, with new versions being introduced continuously, quickly
rendering much existing research at least partly obsolete or irrelevant. These
challenges are at least as applicable to medical usage of AR/VR as to other types of
usage, if not more so, because applications are evolving particularly rapidly in health
care.

AR/VR technology also presents inherent challenges to research.'® Most notably, it can be
extremely difficult to conduct adequately controlled studies—for example, studies in which data
from participants exposed to AR/VR treatments can be compared with data from participants
who appear to receive the treatment but are not in fact receiving it. VR and AR are not easily
simulated in a way that might leave both participants, those administering the treatments, and
those evaluating its effects unsure of whether the treatment is real or sham.
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AR/VR Hardware and Software

AR/VR requires hardware and software that are each unique to AR/VR and highly sophisticated.
What’s more, the hardware and software must work together seamlessly in order to provide the
type of immersive, controllable, and consistent experience that is important to most AR/VR
medical applications, as well as to minimize discomfort and other undesirable effects.

The essential task of a VR system is to project separate images into each of the user’s two eyes
to create the perception of a 3-D image, and then to synchronize the images to the head
movement of the user to create the perception that the user is looking around through a full 3-D
scene. An AR system, in contrast, lets the user look around at the actual environment, while
projecting text or images into the user’s eyes or onto a screen, so that it appears the content is
superimposed on the actual environment. The text and images in AR devices may or may not
be stereoscopic and may or may not be synchronized to head movement.

Generally, VR devices are head-mounted displays that include two tiny video displays, each
placed three or so centimeters in front of one of the user’s eyes; the images on the displays are
magnified by intermediary optics, usually lenses. This setup creates a wide-field view of a
stereoscopic virtual image in which objects and surfaces can realistically appear to be as close
as a few centimeters from the user, or as far as kilometers away. The movements of the user’s
head, and in some cases the eyes, the hands, and the rest of the body, are tracked using a
variety of sensors, and are used to update the virtual scene presented to the user. The head-
mounted display can either be a standalone device, or tethered via cable to an external
computer, and usually contains small speakers.

AR devices can be handheld or head-mounted. Handheld AR devices use either a mobile
phone or a tablet to overlay virtual content onto a live video stream of the real world captured by
the camera on the device. Head-mounted devices are sometimes less like the bulky goggles
typical of VR devices, and closer to ordinary glasses. The real world can be seen either directly
by using partially transparent optical components, or by using forward-facing cameras on the
devices and projecting the image on near-eye displays along with the virtual images. In either
case, text and images are then combined with the real-world images. AR devices may or may
not include microphones and speakers.

AR/VR platforms usually enable integration of additional headset-mounted sensors, such as
cameras, microphones, accelerometers, and light sensors, as well as control buttons, joysticks,
and other haptic sensors embedded on handheld controllers. In some cases, external sensors,
such as wall-mounted cameras, may feed data to the platform.

The software on AR/VR devices takes data from the sensors and from external networks and
uses the data to update the visual and audio content presented to the user in real time. While
sensor data is usually dedicated to updating what the AR/VR users sees and hears, the data
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can also be used to provide haptic feedback, allowing the user to physically feel interactions
with virtual objects and surfaces. In current systems, that feedback is typically limited to
vibrations in the hand-help controllers, but future hardware may include various devices that can
apply mild forces so as to provide, for example, a sense that a virtual apple “picked up” by a
user in AR/VR has a physical volume and weight. In surgical applications that haptic capability
could allow surgeons to plan a procedure while experiencing a realistic sense of the difference
between soft tissue and bone, among other advantages.

In general, both VR and AR devices require high-speed wireless internet connections to stream
digital information such as medical images to the device, and to communicate with other
devices. An onboard computer chip, which may be assisted by a connection to a nearby
computer to which it is tethered, or to cloud-based computing services, does substantial
processing to create and update images.

Many AR/VR devices provide hardware and software that optionally enable a third party, such
as a provider, parent, or other caregiver, to access the sights and sounds that an AR/VR user is
experiencing through the headset. These images and sounds are typically shared on a phone,
computer display or television screen, meaning they lack the immersive experience provided by
wearing an AR/VR headset, but allow observing the content and information that the AR/VR
user is experiencing. In most applications, the software will ask for the AR/VR user’s explicit
consent before enabling sharing.

Human Factors Design Issues

Human factors engineering in the context of devices is the process of applying knowledge about
human physical, sensory, emotional, and intellectual capabilities and limitations to device design
and development. That process could make VR and AR systems more intuitive and easier to
use, and may reduce the risks of using them, as well as amplify their benefits.

For the benefit and protection of patients and other users, as well as to meet certain FDA
requirements,* device and software developers often include human factors and usability
design principles in the design and development of medical devices. For medical device
developers, there are many other benefits to incorporating these principles into the design and
development of a medical device, including the potential for reduced time to market, increased
sales, the reduced need for customer support of devices with user-friendly designs, and better
adherence rates for usage of the technology.®® Incorporating human factors and usability
engineering is an iterative process. One aspect of that process involves defining the intended
users of the medical device and understanding the user characteristics that could impact their
safe and effective use of the device.

Page 13 of 24
U.S. Food & Drug Administration
10903 New Hampshire Avenue
Silver Spring, MD 20993
w ww.fda.gov


https://ww.fda.gov
https://technology.55

_/é ) U.S. FOOD & DRUG

ADMINISTRATION

Use errors and hazardous situations identified through the human factors and usability
engineering process should be taken into consideration when designing all aspects of the
device-user interface. These aspects include all points of interaction between the user and the
device’s physical and software components, such as labeling, instructions for use, elements that
provide information to the user, and the logic of the overall user-system interaction.>®

There are typically three recommended approaches to mitigating use-related risks. In order of
priority, they are: inherent safety by design, protective measures in the device, and/or
information for safety.>” Some of the risks and concerns regarding AR/VR platforms can be
directly mitigated through proper design. Discomfort associated with headset weight and contact
pressure, for example, can be lessened in a straightforward way by providing headsets with the
adjustability needed to enable most users to achieve a comfortable fit.

Cybersickness and eye-strain risks and intensity can be reduced by enabling both hardware and
software adjustment of the positioning of the two near-eye display screens relative to each other
and the eyes so as to suit a user’s interpupillary distance. These side effects can be further
reduced by increasing display resolution and frame rate—that is, how rapidly the displays can
be refreshed to smooth out on-screen motion and flicker—as well as by reducing image
“latency,” or the lag between the user’'s head movement and the updating of the image to
respond to that movement.

Software application design can help as well. Applications can reduce the frequency and
intensity of both user and image motion to lower the risk of cybersickness and collision with
physical objects and surroundings. They could also monitor dosing, by limiting the time that a
user can remain active in an application before closing down or providing a warning that
encourages the user to close the application. These dosing limits could be adaptive, by being
stringent for a new user, and increasingly less so as the user shows signs of becoming less
sensitive to the negative effects of AR/VR with ongoing usage. These design considerations can
also be adaptive to more vulnerable users, including children, older individuals, and individuals
with cognitive or other impairments.

Warnings can help, too. Consumer AR/VR hardware and applications currently typically provide
warnings that they are not intended for users who are younger than 13% (though the basis for
this age limit is unclear), that users who are susceptible to flashing or flickering lights and
images may experience seizures, and that some users may experience other uncomfortable
effects. They also typically guide users through setting up a virtual “wall” around the physical
area that can provide a visual warning if a user moves too close to surrounding objects and
surfaces.

But there are opportunities to strengthen these warnings and safeguards and better integrate
them with applications to provide additional warnings and reminders when a user is at particular
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risk of uncomfortable effects or unsafe actions. Applications could also solicit frequent feedback
from users about the extent to which they may be feeling uncomfortable or unsafe and respond
accordingly. An application could even require that a user supervisor such as a clinician or
caregiver be verifiably present. What's more, warnings, safeguards, and training modules could
be adaptive to a user’s vulnerability, experience, digital literacy, and health literacy, as well as to
indications that a user may in some way be struggling to engage with the application safely and
effectively. An AR/VR platform could also incorporate biometric security devices to reduce the
possibility of the device being used by an unintended user.

How FDA Regulates AR/VR Medical Devices

Premarket Evaluation

Generally for a medical device to be legally marketed and sold in the United States,
FDA must first review safety and effectiveness data for the device and weigh the
benefits of using the medical device against any risks of using the medical device.>® %0
Based on its analysis, FDA then makes a decision about authorizing the device to be
marketed.

The calculation of benefits and risks can be complicated. Commonly considered benefits
include:

o The degree to which the medical device helps patients experience clinical
improvements, lower risks, receive a more accurate diagnosis, or undergo
shorter procedures, and the likelihood that patients will experience those
benefits.

¢ How long the benefit can be expected to last.

¢ Improvements that benefit health care professionals or caregivers, such as
shorter procedural times, and better training.

Commonly considered risk factors include:

e Deaths and serious injuries and impairments attributable to the use of the
medical device, or the need for medical intervention to prevent such harms.

e Adverse health events and complications that don’t rise to the level of possible
death or serious injury—for example, a diagnostic medical device that provides
unexpectedly unreliable results, leading to patient overtreating or undertreating.

¢ Medical device malfunction or underperformance, even when adverse health
events do not result. An example might be a diagnostic medical device that
provides unreliable results, though those false results do not result in treatment
decisions that adversely impact health.
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